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Stainless Steel (SS) 304 is commonly used material for slurry handling applications like pipelines, valves, pumps and other equipment's. Slurry erosion wear is a common problem in many engineering applications like process industry, thermal and hydraulic power plants and slurry handling equipments. In this paper, experimental investigation of the influence of solid particle size, impact velocity, impact angle and solid concentration parameters in slurry erosion wear behavior of SS 304 using slurry pot test rig. In this study the design of experiments was considered using Taguchi technique. A comparison has been made for the experimental and Taguchi technique results. The erosion wear morphology was studied using micrograph obtained by scanning electron microscope (SEM) analysis. At shallow impact angle 30°, the material removal pattern was observed in the form of micro displacing, scratching and ploughing with plastic deformation of the material. At 60° impact angle, mixed type of micro indentations and pitting action is observed. At normal impact angle 90°, the material removal pattern was observed in form of indentation and rounded lips. It is found that particle velocity was the most influence factor than impact angle, size and solid concentration. From this investigation, it can be concluded that the slurry erosion wear is minimized by controlling the slurry flow velocity which improves the service life of the slurry handling equipments. From the comparison of experimental and Taguchi experimental design results it is found that the percentage deviation was very small with a higher correlation coefficient (r
) 0.987 which is agreeable.
INTRODUCTION
Slurry erosion wear is the mechanical degradation (loss) of any engineering material subjected to impact of a solid particle on its surface which is suspended in liquid. Slurry erosion wear resistance is a significant consideration while designing different engineering component made out of SS 304 such as slurry handling pipelines, flow control valve, blades of water and gas turbines, centrifugal pumps, waste and sewage water treatment plant and chemical industries. Based on the different applications, the researchers have invented different type of RESEARCH laboratory test rigs to identify the slurry erosion wear rate and material removal mechanism under the various operating conditions. They are, Miller Test Apparatus, Jet Impingement Tester [1] , Falling Jet Test Apparatus [2] , Jet-In-Slit Apparatus [3] , Centrifugal Erosion Tester [4] , Concentric Cylindrical Test Rig, Coriolis Erosion Tester [5] and Slurry Pot Tester [6] . Slurry erosion wear is a complicated phenomenon to identify the most significant parameter for erosion wear and how much its percentage. The slurry erosion wear mostly depends on solid particle velocity, impact angle, and particle size and particle concentration [6] [7] [8] .
The design of the experiment is one of the best tool to identify the optimum significant parameters or factors for any process and application [9, 10] . They have studied mechanical properties and erosion wear behavior of hybrid and glass fiber reinforced polyester composites material by using air jet erosion wear test rig. They observed fiber loading is the significant factor affecting the erosion wear rate than standoff distance, impingement angle, erodent size and impact velocity. It has been found that because of increment in fiber loading, the micro hardness and strength of composite material significantly increases then erosion wear decreases. Patnaik, et al. [11] [12] [13] [14] used air jet erosion wear test rig for investigating the significant parameters and erosion wear behavior of glass fiber polyester composites as target material with different operating parameters. They found that erodent size is the major factor affecting the erosion wear rate than fiber loading, impingement angle and impact velocity. It has been found that no such significant improvement was observed in hardness and strength with respect to fiber loading. Sahoo, et al. [15, 16] investigated the effect of microstructure variations and volume fractions of primary alpha phase along with significant parameter of erosion wear on Ti-6Al-4V alloy using air jet erosion test rig. They observed impact velocity as the most significant parameter than microstructure variation. It has been found that because of percentage increment in the volume fraction of primary alpha phase, the hardness value decreased continuously leading to increment in erosion wear.
Mishra, et al. [17, 18] studied the erosion wear behavior of ceramic coatings using air jet erosion test rig. They reported impact angle was the most significant affecting parameter as compared to erodent size, impact velocity, standoff distance in the solid particle erosion wear. It has been found that because of brittle nature of coating, the erosion wear increased and maximum erosion is observed at 90° impact angle. Sahu, et al. [19] studied the erosion wear behavior in fly ash alumina coating material using air jet erosion wear test rig. They found that impact velocity was the most significant affecting parameter for erosion wear. It has been found that erosion wear increased because of the poor adhesion strength of coating due to torch input power variation. Gupta, et al. [20] used plasma sprayed coating of glass micro-spheres with Al2O3 particles on metal surface to study the significant parameters behavior on erosion wear using air jet test rig. They found that impact velocity is the most significant parameter than the erodent size, impingement angle, erodent temperature and alumina content parameters. It has been found that glass micro-spheres Al2O3 particles coating does not give significant improvement in microhardness with respect to borosilicate glass microsphere coatings because of their brittle characteristics. Paul, et al. [21] investigated the significant factor and erosion wear behavior of laser clad surface of WC reinforced Ni matrix on austenitic stainless steel with variation of Ni percentage. It has been found that impact velocity is the most significant factor affecting erosion wear. They found that there is no significant improvement in micro-hardness of Ni matrix percentage variations in coatings.
Mantry, et al. [22] applied plasma sprayed method for Cu Slag-Al composite coatings to find out the erosion wear using air jet test rig. They found that impact velocity is the most responsible affecting parameter for the solid particle erosion wear. Yogandha, et al. [23] investigated the wear behavior of nickel-based high alloy white cast iron for the mining condition using water jet erosion test rig. They identified maximum wear angle and material removal mechanism at 30°, 60° and 90° impact angle. They found that the water velocity was the most dominating parameter than the impact angle, solid concentration and PH. Goyal, et al. [24] experimentally investigated slurry erosion behavior of HVOF spray Cr2O3 coating on turbine steel using high-speed erosion test rig. They found that slurry erosion wear resistance of HVOF coating was better than the uncoated steel. It has been found that erosion wear decreases because of higher hardness of coating material. They also observed that rotation speed was most dominating factor in increasing erosion rate for all investigated cases. Kucuk et al. [25] investigated abrasiveness property of blast furnace slag on ceramic coatings using abrasive slurry wear test rig. They found that rotational speed was the most significant affected parameter.
The main purpose of using slurry pot test rig is to identify and simulate the actual working conditions of the slurry pipelines, control valve, pump's impeller and casing because of better accuracy in wear prediction, ease of operation, less maintenance and high volume data generation. The literature survey indicate that several researchers have used air jet erosion wear test rig for investigating the influence of parameters like erodent size, impact velocity, erodent temperature, stand-off distance, impingement angle of various materials at different operating conditions. However, research finding related to the investigation on influence of process parameters like particle velocity, particle size, solid concentration, impact angle of slurry pot test rig is inadequate and there is a need for refined slurry erosion wear analysis. The stainless steel (SS) 304 is one of widely used wear resistance material is the most commonly used for slurry handling equipments like slurry handling pipelines, control valves, pumps and other equipment's.
Hence, the aim of the present research was to investigate the significant influence of aforesaid parameters in erosion behavior of Stainless Steel (SS) 304 using Indian Standard Sand as solid particle erodent in slurry pot test rig under various stimulated actual working conditions by considering Taguchi's experimental design.
EXPERIMENTAL DETAILS
Slurry Pot Test Rig
A seven liters capacity slurry pot test rig has been used for the present experimental work. The photographic view of experimental test setup with details of wear sample fixing arrangement along slurry pot and PTB propeller are shown in Fig. 1 (a) . A drilling machine and two AC electric motors (1.5 HP) with variable frequency drive (VFD) are used as an accessory for the present experimental setup. One VFD is attached to drilling machine motor to control the speed of sample holding shaft which is on the top side of the pot. Another motor and VFD is attached to PTB propeller shaft which is at the bottom side of the pot. All the parts are made of SS 304 material. The four numbers of baffles are located at inner side of the pot to break the vertex flow motion developed due to the bottom propeller. At a bottom of pot 20 mm diameter size hole is provided for remove the slurry. The test fixtures are held with two horizontal arms which are attached to brass sleeve of size 25 mm diameter and 30 mm length at the position of lower end of the top shaft. The pictorial view of test sample fixing arrangement is as shown in Fig. 1 (b) . The both side rounded slot of size 30 mm length, 5 mm width and 2 mm depth was created at the test fixture to fix a test specimen inside it as shown in Fig. 1 (b) . A rectangular tooth of 2.5 mm width and 1 mm thickness was created on each fixture to hold it at the necessary angle from 0° to 90° with steps of 15, along with the direction of peripheral velocity, using the slotted angular plate as shown in Fig. 1 (b) . For balancing the dynamic force and minimized wake interference effect the two test fixtures are mounted at 180° apart from each other. For controlling the rotational motion effect the test sample fixture is rotated in opposite direction to the propeller shaft at 71 mm radius. Hence, the swept volume of wear sample and holding arm is negligible.
Testing Materials and Sample Preparation
For the present investigation, SS 304 a ductile material was selected as target material for solid particle erosion wear. The elemental compositions of SS 304 were shown in Table 1 . The specific gravity of SS 304 is 2.7 g/cc. The size of the wear sample used was (30 mm x 5 mm), rounded at the both ends with a thickness of 2 mm (surface are 144.64 mm 2 ) to fit in the slot of the test fixture as shown in Fig. 1 (b) . Each test sample was fixed in the test fixture slot with the help of glue. In each experiment fresh wear sample was used, each sample was polished with #600, #1000 and #1200 emery paper for the mirror finish. The samples were cleaned with tap water and acetone after the mirror finishing operation. Finally, samples were dried using hot air dryer. This process of cleaning and drying was repeated before and after the experiment. The weight balance with least count of 0.1 mg is used to measure the test sample weight before and after the experimentation.
The correlation reported by Bree, et. al. [26] was used to compute the erosion wear rate for that average mass loss of two wear sample is considered.
 
Cv -Solid concentration by volume in fraction; Cw -Solid concentration by weight in fraction; S -Solid particle mass density in kg/m 3 ; Ew -Total erosion wear rate in g/g; ASP -Surface area of the wear sample subjected to erosion in m 2 ; T -Time over which mass loss has been measured in sec; VSP -Peripheral velocity of wear specimen in m/s; WL -Measured mass loss in kg;  -Orientation angle of wear specimen in degree.
In the present study Indian Standard (IS) Sand was used as solid particle erodent. The collection of the same size of sand particles was not possible for the IS sand therefore particles were sieved using consecutive sieve size and collection between them were designated by the mean sieve size. The different set of sieves with automatic sieve shaker was used for uniform force and shaking time for each size of particles. This sieve analysis was done with only dry sample. The physical properties of IS sand is shown in Table 2 .
The collection of IS Sand particles was done from all the three grades i.e. Grade I, II and III. The mean particle size of 550 µm was collected from grade I, as the material retained between the two sieves of 500 µm and 600 µm sizes (+ 500 µm & -600 µm). Similarly, the solid particles of size 350 µm and 150 µm were collected from grade II & III respectively. The SEM micrographs of IS sand for three different particle size namely 150 µm, 350 µm & 550 µm is shown in Fig. 2 . From the SEM micrographs of IS sand, it is clear that the shape of particle irregular for all the three particle size. 
Experimental Design
Taguchi's design of experiments technique was used for analyzing the significant influence of control parameters and development of a model on the performance output. Using this method, the effect of each single condition can be easily studied. In slurry erosion wear process, the output wear rate depends on the number of input parameters. Taguchi's design of experiments was considered because it is more flexible rather than other analytical techniques in identifying the influence of each input parameters on erosion wear rate. The Taguchi's design of experiment approach L9 was considered because it reduces the experimental cost and time.
In this study, four parameters namely impact angle, impact velocity, solid concentration and solid particle size were considered in order to study rate of erosion wear response of AISI SS 304. In all the experiments, the testing parameters and levels used were shown in Table  3 . The operating conditions for each test were shown in Table 4 . The experimental results were transformed into a signal-to-noise (S/N) ratio.
There are various S/N ratios existing depending on the type of characteristic; that is, smaller the better, nominal the best, and larger the better. The smaller the better characteristic of S/N ratio was considered for studying the minimum erosion wear rate as shown in equation 3.
The smaller the better characteristic:
where, n is the number of observations and y is the observed data i.e. erosion wear rate or mass loss Patnaik, et al. [11] [12] [13] .
RESULT AND DISCUSSIONS
Erosion Wear Analysis Using Taguchi Experimental Design
The MINITAB 14 software package was used for the present experiment analysis. The L9 orthogonal array design along with S/N ratio for the analysis of erosion wear rate experimental results were shown in Table 4 . Lower the better quality characteristic was selected to obtain the optimal possible parameters for the erosion wear rate.
The response table for the S/N ratio obtained is presented in Table 5 . Solid particle impact velocity was the most influencing significant control parameter among all four factors for causing the solid particle erosion wear rate of SS 304 as shown in Table 5 . The remaining three parameters i.e. angle of impact, slurry concentration, and particle size is ranked second, third and fourth respectively in influencing solid particle erosion on SS 304. The graphical results of main effect plot for the S/N rations were represented in Fig. 3 . The (mass loss) solid particle erosion of SS 304 was found to be lower in the 4 m/s velocity followed by the 6 m/s and 8 m/s. At 90° impact angle minimum erosion wear rate is obtained as compared to 60° and 30° impact angle. At 20 % solid concentration minimum erosion wear rate was found as compare to 10 % and 30 % by weight solid concentration. Therefore, it is found that solid particle erosion wear rate on SS 304 was less influenced by solid particle concentration. Mean of SN ratios 
Main Effects Plot (data means) for SN ratios
Signal-to-noise: Smaller is better
Surface Morphology Using SEM
The surfaces of the eroded samples of a) 150μm b) 350μm c) 550μm particle size were analyzed for 30°, 60° and 90° degree impact angles under a scanning electron microscope (SEM) as shown in Fig. 4 to 6 respectively. The harsh ploughing marks were also largely observed on the wear surfaces of the sample. The different type of material removal mechanisms like large pile-up or ploughing, crates, leading to the formation of platelet (flake), cutting action, lip fragmentation and indentations are responsible in solid particle erosion of SS 304 [8, 15, [23] [24] [25] . The material removal mechanism mostly depends on the sample surface properties and the impact angle of a solid particle on the surface of wear substrate [24] . The surface topography/morphologies at 30° lower impact angle were shown in Fig. 4 (a-c) . At 30° impact angle it is observed that the material removal by deep ploughing mechanism followed by micro fracture as shown in Fig. 4 (a-c) . At 30° impact angle, maximum erosion occurrence takes place due to maximum cutting velocity component than the deformation velocity leading to ploughing and scattering of the particles [8, 15] . The surface topography/morphologies at 60° impact angle were shown in Fig. 5 (a-c) . At 60° impact angle it is observed that the mixed type of material removal mechanism takes place. At 60° impact angle the micro ploughing, cutting action and large chips forming leads to consequently removal of the material from the sample surface [8, 23] . The surface topography/morphologies at 90° impact angle were shown in Fig. 6 (a-c) . At the 90° impact angle the large and deep indentation, protruded lips and craters were formed as shown in Fig. 6 (a-c) . These protruded lips are removed by repeated impact of the solid particles [8, 25] . At this impact angle it is found that the material is displaced by plastic deformation around the crater and forms a rim i.e. rounded indentation craters because of repetitive impact of solid particles. The long platelet ploughing types craters (smear type crater) will disappear which are replaced by indentation craters as shown in Fig.  6 (a-c) . At this impact angle it is also observed that due to the further impact of the particles, the rim gets flattened and fracture takes place [8, 24] . Therefore less material loss was observed at this impact angle as compared to other impact angles.
Erosion Wear Rate Prediction Using Predictive Equation
The erosion wear rate due to solid particle was predicted using the nonlinear regressive predictive equation for showing the relationship between the erosion wear and combination of control parameters. This regression study was done by using Datafit 9.1.32 & Minitab 14 software is used. The following form of the regression equation was obtained:
where Ew -rate of erosion wear; e, a, b, c and d are the constant; V -particle velocity; C -solid concentration; A -Impact angle; S -particle size.
The values of all constants were calculated by using the Datafit 9.1 & Minitab 14 software and by using these values in equation (4) the final nonlinear regression model was obtained as follows.
The accuracy of calculated constants was confirmed because high correlation coefficient (r 2 ) of 0.987 was obtained from equation (5) . The comparison between the erosion wear obtained from experimental results and predictive equation is shown in Table 6 . 
Confirmation Test
The confirmation test was performed on SS 304 by considering optimal test parameters i.e. particle velocity V1, solid concentration C3, impact angle A3, and particle size S1 at which the solid particle slurry erosion is minimum. The erosion wear rate obtained in SS 304 material due to slurry erosion using both nonlinear regression equation and confirmation experimental results are shown in Table 7 . By comparing the experimental and analytical results a deviation of about 8.39 % was found which is agreeable. Therefore, it is shown that the derived nonlinear regression equation describes the slurry erosion wear rate of this material with various control factors with a reasonable degree of approximation.
CONCLUSIONS
The experimental results of the parametric influence of significant factor on the solid particle erosion wear behavior of SS 304 under slurry pot test rig lead to the following conclusions.
• From all the four factors, impact velocity is a most influencing significant factor of solid particle erosion wear of SS 304, followed by impact angle, solid particle size and solid concentration respectively.
• Maximum erosion wear rate took place at an impact angle of 30° showing ductile type response of the metal SS 304 to solid particle erosion wear.
• The surface morphology of eroded surface at various impact angles were observed under SEM. At 90° impact angle, deep indentation and plastic deformation type of material removal mechanism are observed. Similarly, at 30° impact angle, large ploughing action with craters is observed and at 60° mixed type of micro indentations, cracks and pitting action is observed.
• The deviation in percentage between predicted and experimental result was between 0 to 12%. A higher correlation coefficient value of (r 2 ) is 0.987 shows the correctness of the mathematical model used. So, the model is more suitable for further study.
• From this investigation, it can be concluded that the slurry erosion wear is minimized by controlling the slurry flow velocity which improves the service life of the slurry handling equipments.
